The influence of 1 to 4 at.% Sc addition on the thermal stability of mechanically alloyed ODS ferritic alloy was studied in this work. Sc addition was found to significantly stabilize grain size and microhardness at high temperatures. Grain sizes of samples with 1 and 4 at.% Sc was found maintained in the nanoscale range at temperatures up to 1000 °C with hardness maintained at 5.6 and 6.7 GPa, respectively. The detailed microstructure was also investigated from EDS elemental mapping, where nanofeatures [ScTiO] were observed, while nanosized [YTiO] particles were rarely seen. This is probably due to the concentration difference between Sc and Y, leading to the formation of [ScTiO] favoring that of [YTiO]. Precipitation was considered as the major source for the observed high temperature stabilization. In addition, 14YT-Sc alloys without large second phases such as Ti-oxide can exhibit better performance compared to conventional ODS materials.
Introduction
Oxide-dispersion-strengthened (ODS) ferritic steels possess high temperature stability, high creep strength, and high-dose irradiation tolerance, which make them promising for structural applications in nuclear power reactors [1] . Extensive experiments have been done to develop and optimize ferritic ODS alloys for structural application in nuclear environments. 14YWT, which is Fe-14Cr-3W-0.25 wt.%Y 2 O 3 -0.4 wt.%Ti [2] , was found to have a more refined microstructure with superior properties. Yttria (Y 2 O 3 ) is selected for standard ODS alloys due to its extremely Relatively high Cr content also provides good corrosion/oxidation resistance.
A variety of precipitates with different sizes, morphologies, compositions and structures were observed and analyzed by M. C. Brandes et.al [3] . Ti (O,N,C), with size in the range of 20-50 nm, mostly were found to locate along the grain boundaries (GBs). Near stoichiometric complex oxides Y 2 Ti 2 O 7 and Y 2 TiO 5 precipitates with sizes in the range of 5-10 nm were observed at grain boundaries and grain interiors [4] . Much smaller Y-Ti-O particles with sizes around 1-4 nm with high lattice coherency with the bcc ferritic matrix are termed nanoclusters (NCs). The presence of these NCs was first discovered by Larson et al. [5] through atom probe tomography (APT), and then later confirmed [6, 7] . These studies found Y-Ti-O nanoclusters with new crystal structures, which might be sub-oxide or even coherent GP zone-type structures [2] . The smallest Y-Ti-O nanoclusters are the key microstructural features in impeding grain growth and dislocation motion at elevated temperatures [8] [9] [10] [11] . Recently, Brandes et al. [9] have demonstrated that NCs pin gliding dislocations. In addition, the large surface area of 3 nanoclusters provides sites to trap He atoms into fine-scale bubbles, reducing He embrittlement caused by irradiation [12] .
The nature of precipitate in ODS alloys depends on the processing time and temperature [13] [14] [15] .
Also, the alloy composition influences the precipitation formation. Ukai However, it is reported that high O: Ti ratio results in the formation of coarser TiO 2 particles instead of the finer Y-Ti-O NCs [1] . Y-Ti-O nanoclusters resist coarsening and chemistry changes at elevated temperatures [13, 22, 23] . The high temperature stability of NCs may result from vacancy-oxygen pairs , as predicted by Fu et al. based on ab initio calculations [24] , and also the presence of Ti [25] . The high affinity of NCs for vacancies would slow the diffusion rate of solute atoms from matrix to NCs [7] .
In our previous studies of Fe-14Cr alloy with Zr/ Hf addition [26] [27] [28] , it is found that both Zr and Hf provide good grain size stabilization at elevated temperatures. This observation is consistent with the thermodynamic ternary model proposed by Saber et al. [29, 30] . The model also predicts that Sc can serve as a good stabilizer, even more effective than Zr and Hf. Scandium behaves mechanically and physically similar to Y [31] , Zr and Hf [32] [33] [34] . It was first used in Al and Al alloys in 1971 [35, 36] . Subsequently, it has been found that Sc-doped nickel and steels exhibit better resistance to radiation swelling and embrittlement [37] . There are several patents for Fe and Ni based alloys containing Sc [38] [39] [40] . Sc addition in 01Kh18T steel (Fe-18%Cr) made the ferrite grains smaller and slowed grain growth during heating processes [41] . However, at the 4 present time, Sc containing alloys have not been widely used due to the high cost for producing Sc and incorporating Sc into the matrix [41] .
Mechanical alloying such as high-energy ball milling can produce nanocrystalline materials with grain size less than 100 nm. Nano-grains can still be maintained after a subsequent high temperature annealing. Fe, Y 2 O 3 and Sc are essentially immiscible. One of the possible approaches for synthesis is high energy ball milling. In this way, yttria (Y 2 O 3 ) and Sc can be introduced into the Fe matrix by the combination of fragmentation and severe plastic deformation, leading to the formation of a highly supersaturated solid solution [42] . Y reacts readily with oxygen and so does Sc [35] . Hence, the competition between Sc and Y atoms to form oxide nanoclusters will be investigated in this study, where both Sc and Y are added into the Fe-based alloy system. Recent advances in nanocrystalline materials with outstanding properties require hightemperature stability, particularly in future fission reactors. In this study, we report a new alloy system based on conventional ODS (14YT) with Sc addition to provide better high temperature stability and strength.
Experimental
The samples used in this study were prepared by mechanical alloying of component elemental X-ray diffraction was conducted using Cu K a radiation in a Rigaku Smartlab X-ray diffractometer. XRD analyses were used to calculate the grain size and microstrain within the matrix of each sample using the Williamson-Hall method [43] . Vickers hardness is used to measure the material's resistance to localized plastic deformation. Powders of both as-milled samples and thermally treated samples were mounted on glass slides with Buehler Epothin epoxy.
Hardness measurements were carried out with a load of 50 grams on individual particles after mechanical polishing. 
Results and discussions
The grain size evolution and corresponding hardness changes as a function of annealing temperature are shown in Figs. 1a) lines with increasing addition of Sc, accompanied by the internal strain increase. This is caused by the lattice constant change to accommodate more Sc in the non-equilibrium solid solution state. After annealing at 1000 °C for 1 hour, the base 14YT alloy has experienced recovery with nearly zero internal strain, as shown in Fig. 2b) . The other three alloys containing Sc show a decrease in internal strain compared to those of their as-milled counterparts; however, higher Sc addition yields larger microstructural strain. It should be pointed out that no extra peaks can be resolved in the XRD patterns, suggesting that a metastable solid solution is preserved during high temperature annealing or the size/and volume fraction of precipitates is too small to be resolved by the XRD technique.
The microstructure of the 14YT-1Sc sample after 1000 °C annealing was obtained by FIB ion channeling contrast imaging at low magnification, as shown in Fig. 3a) . A bimodal distribution is Fig. 3a) . Thus, even at 1000 °C annealing temperature, 1at.% Sc addition exerted a significant stabilization effect on 14YT alloys. Data in Fig. 3f ) indicates no appreciable growth of the precipitates. The average precipitate size is determined to be 3 nm.
These extremely small precipitates can play a key role in impeding grain growth at high temperatures. For precipitates nucleated along the grain boundaries, their sizes can be larger than those nucleated within the matrix due to faster diffusion along grain boundaries. This size variation is shown in Fig. 3d) . Fig. 4a ) is the ion channeling contrast image of the 14YT-4Sc sample after being annealed at 1000 °C for an hour. Unlike the 14YT-1Sc sample treated under the same condition, the microstructure shows no bimodal distribution. Nano sized grains are further confirmed by the TEM images shown in Figs. 4b) , c) and d) with increasing magnification. Fig. 4d ) shows the 9 precipitate size and distribution in 14YT-4Sc alloys. The grain boundary is a favorable location for precipitate nucleation and growth, where the size and number density of precipitates are larger than those in the matrix. This is indicated by the white arrows in Fig. 4d). Figs. 4e) and f) show the distribution of grain sizes and precipitate sizes in the 14YT-4Sc alloys annealed at 1000 °C, respectively. With more Sc addition, the grain size distribution becomes narrower with a mean diameter of around 32 nm. The better grain size stabilization with increasing Sc concentration is consistent with grain size trend in Fig. 1a) . The distribution in Fig. 4f) gives a mean precipitate size of 3.6 nm, which is slightly larger than that in the 14YT-1Sc sample in Fig.   3f ). The majority of precipitates are still in the range of 2.5~3 nm, while nanoclusters along the grain boundaries grew relatively larger to 5-6 nm. This might be produced by the segregation of excess Sc atoms to grain boundaries, which provides more solute atoms for nanoclusters to agglomerate.
In order to further clarify the effect of Sc on grain size stabilization, EDS mapping in Figs. 5 and 6 was used to reveal element distributions in the 14YT-1Sc and 14YT-4Sc alloys after 1000 °C annealing, respectively. The HAADF image presented in Fig. 5a ) shows precipitates as black dots. Based on the remaining images in Fig. 5 , the black dots both along GBs and within the matrix can be identified as [ScTiO] nanoclusters. YO aggregation was detected by EDS in Sc and Y elements are chemically similar [45] . The kinetics of nanoparticle nucleation depends on various factors such as the solute atom concentrations, diffusion rate of the nanoparticleforming elements, volume free energy change and interfacial energy change associated with their formation. The latter two energies determine the nucleation energy barrier [46] . The formation energy of Sc 2 O 3 is -1537 KJ/mol, and that of Y 2 O 3 is -1548 KJ/mol at 1000 °C [47] . The similar affinity for oxygen leads to nano-oxide formation competition between Sc and Y atoms.
However, when adding 4 at.% Sc into base 14YT alloy system, the concentration difference between Sc and Y elements is significant. Nearly all the oxygen atoms are consumed by Sc, instead of forming [YO] . Ti atoms are also found in nanoparticles as seen in the EDS mapping.
The similar particle size to that observed in conventional ODS steel suggests that Ti atoms help refining the precipitate size, increasing the particle number density, and changing the chemical It must be emphasized here that the significant microstructural difference between 14YT-Sc alloy and the conventional ODS steel is the lack of large precipitates such as TiO 2 and intermetallic compounds. The formation energy of TiO 2 at 1000 °C is -931 KJ/mol [48] . It is therefore apparent that oxygen interaction with Sc and Y atoms is favored over that for Ti atoms.
No excess oxygen content was left to form large Ti-oxides. For the intermetallic compounds, heats of formation energy are either positive or slightly negative for compounds such as ScCr, ScTi, ScY and FeSc [49] . This makes the intermetallics less likely to form.
Hirata et al. [50] proposed that a defective rock-salt crystal structure can be fully coherent to the bcc matrix of 14YWT-ODS alloy. Due to the high chemical variability, this NaCl-type structure allows the formation of non-stoichiometric nanoparticles with a broad compositional range. In addition, high radiation damage tolerance of the nonstoichiometric nanoparticles is improved by 11 the defective structure [13] . Moreover, the structural coherence with the matrix, along with the low solubility of solutes in α-Fe, effectively prevent nanoparticles from coarsening [51] .
Therefore, nanoclusters in base ODS alloys exhibit remarkable stability at high temperatures.
The 14YT-Sc alloy system investigated here shows better high temperature stability and hardness than conventional ODS steel. Different alloying compositions have also been evaluated. 1 at.% Sc addition is sufficient to keep both the grain size and mechanical properties stable at lower temperatures, whereas for high temperature application, up to 4 at.% Sc addition needs to be used.
Conclusions
Sc was added into base ODS alloy (14YT) to study the evolution of grain size and hardness. A 
